Abstract. In many bacterial genomes, the leading and lagging strands have different skews in base composition; for example, an excess of guanosine compared to cytosine on the leading strand. We find that Chlamydia genes that have switched their orientation relative to the direction of replication, for example by inversion, acquire the skew of their new "host" strand. In contrast to most evolutionary processes, which have unpredictable effects on the sequence of a gene, replication-related skews reflect a directional evolutionary force that causes predictable changes in the base composition of switched genes, resulting in increased DNA and amino acid sequence divergence.
Introduction
Many forces act directly or indirectly on a gene and ultimately determine its sequence. Of primary importance is selection for function of the gene product in its particular environment, which includes not only the exterior environment of the organism but also the internal environment of the cell and the genome itself. At the molecular level, DNA sequences are subject to the constraints of the interactions with other molecules, the genetic code, codon usage preferences, and base composition preferences (i.e., G+C content). Sequences are also subject to the stochastic effects of mutation. Recently, analyses of complete sequences of several bacterial genomes have revealed another constraint: the asymmetries in base composition with respect to the replication orientation (Lobry 1996a; McLean et al. 1998; Mrázek and Karlin 1998; Rocha et al. 1999; Tillier and Collins 2000) . In most cases, the leading strand in replication is rich in guanosine (G) and thymidine (T) and the lagging strand is rich in cytosine (C) and adenosine (A), resulting in sequences having GC and AT skews. Replication orientation significantly affects gene sequences, independent of any coding biases, such as from amino acid or codon preferences (Rocha et al. 1999; Lafay et al. 1999; Tillier and Collins 2000; Romero et al. 2000) .
To investigate the effect of base composition skews on the evolution of genes, we performed pairwise comparisons of genomes and analyzed the sequences of those genes that have switched orientation with respect to replication direction. For this, it was necessary to compare genomes that are similar enough that many orthologous gene pairs can be clearly identified, but sufficiently diverged that many genomic rearrangements and base substitutions have occurred. If the genomes have similar G+C content and GC skew, then differences in base composition of switched genes can be attributed solely to the difference in replication direction. The sequenced Chlamydia genomes presented many examples of orthologs that had switched replication orientation and the consequences for the evolution of such genes were then analyzed. FASTA 2 with BLOSUM50 matrix and with gap penalties of −12, −2 was used to find homologs in pairwise comparisons of the predicted coding regions of genomes (Pearson 1990) . Two coding regions were considered orthologous and unique if they shared more than 30% amino acid identity with a probability of less than 0.01 and for which no other gene was found meeting these criteria and having at least half the z-score of the better match. Uniqueness is an important criteria to eliminate repeated sequences and paralogs.
Materials and Methods
The GC and AT skews are defined by the quantities (G−C)/(G+C) and (A−T)/(A+T) respectively (Blattner et al. 1997) , and have been used to measure the preference for G over C and A over T, of the strand replicated continuously (the leading strand), or of its complimentary lagging strand in bidirectional replication of the chromosome. To determine the replication orientation of genes we inferred the location of the origin and termination of replication in the two genomes from the position of change in direction of the GC skew at third positions of codons (Lobry 1996b (Lobry , 1996c . Genes within 1% (in terms of the total sequence length) of these were not considered because the origins and termination points have not been experimentally defined and these points are probably not exact.
When appropriate, two-sample t-tests (not assuming equal variances) were performed to evaluate the statistical significance of the differences in base composition and amino acid divergence of switched versus nonswitched genes. In some cases, the distributions tested are not normal and do not have the same shape. Since lack of normality violates the assumptions of the t-test and the different shapes (and thus variance) that of the Mann-Whitney test, we also used another nonparametric dominance test (Cliff 1993) to determine if the differences in skews for switched genes were significantly greater than that for nonswitched genes with 95% confidence. The dominance statistic is given by d ‫ס‬ Probability (P1 > P2) − Probability (P2 > P1), where Probability (P1 > P2) is the number of times a score from population 1 is greater than a score from population 2 divided by the product of the populations' sizes.
Results and Discussion
Of the closely related sequenced genomes available, we found no switched genes in the two Mycoplasma species (M. genitalium and M. pneumoniae; Fraser et al. 1995; Himmelreich et al. 1996) . The two H. pylori (26695 and J99) (Alm et al. 1999; Tomb et al. 1997 ) are too similar in sequence identity and have few clearly identifiable "switched" genes (we identified only 10 from 1159 orthologous pairs). Lafay et al. (1999) analyzed switched genes the two spirochete genomes Borrelia burgoderfori and Treponema pallidum, but these genomes are highly diverged and have very different base composition. The two sequenced Chlamydia genomes (C. trachomatis and C. pneumoniae) proved ideal for this analysis: these genomes share many homologous genes with a high level of synteny between the two genomes (Stephens et al. 1998; Kalman et al. 1999 ). Several genomic rearrangements are present, leading to many "switched" genes. Both genomes have the same G+C content (41%) but have large GC skews (0.13 and 0.09, respectively on the leading strand; Tillier and Collins 2000) .
We identified 732 unique orthologous pairs of genes using FASTA analysis of the predicted coding regions of C. pneumoniae versus those of C. trachomatis. For 47 of these orthologs, the coding strand (mRNA synonymous strand) was on the leading strand in one genome and on the lagging strand in the other; these genes were defined as "switched" (Table 1 ). Several observations indicate that switched genes are functional: (1) They were identified by the same criteria as nonswitched genes (Stephens et al. 1998; Kalman et al. 1999) ; (2) unique orthologs of were found in the both genomes and include the only copy of known genes, such as those encoding pyruvate kinase, triosephosphate isomerase, and DNA topoisomerase I; (3) orthologs are approximately the same length in both genomes, indicating that, despite substantial sequence divergence, premature stop codons have been selected against. For simplicity, we will refer to the other 685 genes that are located on the same strand in both genomes as "nonswitched." For some analyses the nonswitched genes were divided into two groups: 281 genes that had moved to a different location but still on the same strand with respect to replication direction, defined as "moved"; and 404 genes that were located at the same relative position in both genomes, defined as "nonmoved." Because the moved and switched genes have both been subject to some kind of genome rearrangement process, separate analysis of the moved genes provides a way to determine if changes in base composition might have resulted simply from processes of rearrangement. Figure 1 shows the distributions of the GC skew at third codon positions for the switched and nonswitched Chlamydia genes. Third codon positions were chosen for this figure because substitutions at these positions are the least likely to be influenced by additional effects of selection for amino acid preference due to the redundant nature of the genetic code and show the largest replication-related skews (Tillier and Collins 2000) . On average, nonswitched genes on the leading strand in both genomes show a large positive GC skew (solid symbols); those on the lagging strand have a large negative skew (open symbols). Switched genes (dashed lines) have, on average, the skew of their current host strand. Although this analysis cannot determine in which genome the gene has actually changed orientation, nor the extent of change in any given gene, Fig. 1 suggests that the switched genes have undergone a change in base composition to acquire the skew of the new host strand.
To examine the extent to which base composition has changed as a result of switching strands, we performed pairwise comparisons of GC skews. Figure 2 shows the distributions for the difference between the GC skews (at each of the three codon positions) of orthologs in the two genomes. A small difference in the GC skew was observed at all codon positions even for orthologs on the same strand in both genomes, as expected because C. trachomatis genes have, on average, larger GC skews than C. pneumoniae (Fig. 1 legend) . For example, if a typical gene on the leading strand in C. trachomatis (average third codon position skew of +0.25) remained on the leading strand in C. pneumoniae (skew of +0.10) its skew would change by only 0.15. In contrast, if it switched to the lagging strand of C. pneumoniae (skew of −0.17) its skew would change by 0.42. We found that the distributions of skews at all codon positions of genes that have switched is statistically significantly different from those that have not switched (Fig. 2 , see Materials and Methods); at third codon positions the differences are so large on average that the shape of the distribution is completely different for switched and nonswitched genes (Fig. 2C) . The direction of the skew changes at all codon positions is in the expected direction, i.e., an increase in G on the leading strand and in C on the Protein identification numbers and gene names are given for the 47 genes in C. pneumoniae and C. trachomatis with one ortholog on the leading strand (in bold) and the other ortholog on the lagging strand. The amino acid identity between the two orthologs is also given lagging strand (as shown in Fig. 1 for the third positions, and data not shown for positions 1 and 2). In contrast, there is no significant difference between in the skews of genes that have moved elsewhere on the same strand compared to those that have not moved (data not shown), indicating that switching strands, not simply transposing to a new location, is the cause of the large change in skew observed for switched genes. The force to maintain base composition skews is thus strong enough that genes that have inverted their orientation with respect to the origin of replication appear to quickly accumulate mutations toward the opposite skew. This leads to greater base composition differences and therefore a greater decrease in average DNA sequence identity between genes where one ortholog has switched strands. Because there is a significant difference in base composition skew at all codon positions between switched and nonswitched genes, we investigated whether these differences might be substantial enough to affect amino acid sequences between orthologs on different strands. We investigated both amino acid identity and amino acid similarity. Amino acid similarity counts the number of identical amino acids as well as amino acids that are similar in their properties and often interchanged in an alignment of two proteins sequences. The BLOSUM50 matrix used by FASTA (see Materials and Methods) defines the degree to which amino acids are similar.
Overall, the average amino acid identity for all the genes considered is 63.2% (standard deviation: ± 15%) and the average amino acid similarity (see Materials and Methods) is 83.5% (± 9%) and the distributions of identity and similarity are essentially identical for the moved and nonmoved subsets of the nonswitched genes (Fig. 3 , open and gray bars, respectively, and data not shown). In contrast, switched genes are on average more diverged (black bars), with an average amino acid identity of only 57.8% (± 14.5%) and average similarity of 79.9% (± 10%) corresponding to statistically significant reductions of 8% and 4.3% in amino acid identity and similarity from genes that are in the same location or have moved to another position on the same strand.
The amino acid identity and similarity of moved genes do not differ significantly from those of nonmoved genes (p ‫ס‬ 0.12 for identity and p ‫ס‬ 0.26 for similarity, see Materials and Methods). However, comparisons of switched genes to nonswitched genes were statistically significant (p ‫ס‬ 0.005 for the difference in amino acid identity and p ‫ס‬ 0.006 for the difference in amino acid similarity). Comparison of switched genes to moved genes were also significant (p ‫ס‬ 0.017 for the difference in amino acid identity, and p ‫ס‬ 0.010 for the difference in amino acid similarity). This indicates that the amino acid identity and similarity for switched genes are significantly lower than those of nonswitched genes (moved or not).
Switching strands therefore has led to reductions in amino acid identity and similarity that are significantly greater than observed for nonswitched genes. An example of two homologous genes in B. burgdorferi where one paralog is on the leading strand and the other on the lagging strand has also suggested an influence of the replication direction on the amino acid sequence (Rocha et al. 1999) . Lafay et al. (1999) also showed that orthologs in the two spirochetes B. burgdorferi and T. pallidum have the codon and amino acid usage of the host species appropriate for the replication direction. We find that the influence of the replication-related skew is strong enough to affect the average amino acid divergence over all 47 switched genes in the Chlamydia genomes. Changing the replication orientation of a gene therefore changes not only the base composition but also the amino acid sequence in a significant manner.
Mutational pressure leading to base composition differences between bacterial genomes have long been recognized (Sueoka 1962) , but base compositional asymmetries between the leading and lagging strands has been a surprising discovery made possible by the complete sequencing of bacterial genomes. We show here that the force that maintains base composition skews is strong enough to affect the evolution of these sequences, even in the face of other selective forces, such as function, regulation, and codon and amino acid preferences. Most bacterial genomes show some base composition skews, and the degree to which the evolution of sequences is affected would be expected to be correlated to the magnitude of the replication-related skew of the host genomes. Switching strands not only leads to an increased evolutionary rate but the substitutions are in predictable direction (on average) toward a particular base composition. Fig. 3 . Switching replication orientation increases amino acid sequence divergence. Distributions of the percentage amino acid identity between orthologs of C. trachomatis and C. pneumoniae that have switched orientation with respect to the direction of replication (black bars), between those orthologs on the same strand but that have moved in the genome (open bars), between those orthologs on the same strand but that have not moved in the genome (gray bars).
